The processes involved in continental collisions remain contested, yet knowledge of these processes is crucial to improving our understanding of how some of the most dramatic features on the Earth have formed. As the largest and highest orogenic plateau on the Earth today, Tibet is an excellent natural laboratory for investigating collisional processes. To understand the development of the Tibetan Plateau, we need to understand the crustal structure beneath both Tibet and the Indian Plate. Building on previous work, we measure new group velocity dispersion curves using data from regional earthquakes (4424 paths) and ambient noise data (5696 paths), and use these to obtain new fundamental mode Rayleigh wave group velocity maps for periods from 5 to 70 s for a region including Tibet, Pakistan and India. The dense path coverage at the shortest periods, due to the inclusion of ambient noise measurements, allows features of up to 100 km scale to be resolved in some areas of the collision zone, providing one of the highest resolution models of the crust and uppermost mantle across this region. We invert the Rayleigh wave group velocity maps for shear wave velocity structure to 120 km depth and construct a 3-D velocity model for the crust and uppermost mantle of the Indo-Eurasian collision zone. We use this 3-D model to map the lateral variations in the crust and in the nature of the crust-mantle transition (Moho) across the Indo-Eurasian collision zone. The Moho occurs at lower shear velocities below northeastern Tibet than it does beneath western and southern Tibet and below India. The east-west difference across Tibet is particularly apparent in the elevated velocities observed west of 84
have illuminated the crust and uppermost mantle structure of the Indo-Eurasian collision zone. These studies show that the crust of the Indian Shield south of the Ganga Basin is 30-40 km thick and relatively simple and uniform. Beneath the Himalayas the crust thickens to 50-60 km and has a complex internal structure. To the north of the Himalayas, in southern Tibet, the Mohorovicić discontinuity (Moho) deepens to as much as 90 km with a low wave speed upper and middle crust, and a higher wave speed lower crust. Farther north, crustal wave speeds remain low but the Moho shallows to 50-60 km at the northern edge of the Plateau.
It is almost 100 years since it was first suggested that the Himalayas and Tibet result from the collision with, and subsequent underthrusting of, India beneath southern Eurasia (Argand 1924) . While this continent-continent collision is now the accepted cause for the uplift of the Himalayan Mountains and the Tibetan Plateau, the details of how this occurs and the state of the lithosphere beneath southern Asia, and in particular the Tibetan Plateau, are still contested. One fundamental question is how far north Indian lithosphere extends beneath the Plateau. It is accepted that underthrusted Indian continental lithosphere is responsible for the high wave speeds underlying the Himalayas and the southern part of the Plateau (Zhao et al. 1993; Mitra et al. 2005; Nábělek et al. 2009; Acton et al. 2011) . Low seismic shear wave speeds (V s ) (e.g. Zhao et al. 1993; McNamara et al. 1997; Ritzwoller et al. 2002; and attenuation of shear waves (Ni & Barazangi 1983; Barron & Priestley 2009 ) in northeast Tibet imply that the upper mantle there is relatively warm. Some (e.g. Houseman et al. 1981; Molnar et al. 1993) suggest that these observations show that Indian lithosphere has delaminated beneath northeast Tibet. Others (e.g. Griot et al. 1998; suggest that there is thick (∼250 km) lithosphere beneath most, if not all, of Tibet and that the low wave speed is due to radioactive heating of the thickened Tibetan crust , 2016 . Various geological (e.g. Searle et al. 2011) and geophysical (e.g. Brown et al. 1996; Makovsky et al. 1996; Nelson et al. 1996; Wei et al. 2001 ) observations have been cited as evidence for a warm, weak Tibetan mid-crust.
There are now a large number of studies of the Tibetan crust, and some discussing Himalayan crustal structure but most have focused on limited areas. The crustal structure of the Ganga Basin and Indian Shield south of the Himalayas is slowly becoming better known but suffers because of a lack of publicly available seismic data. To fully understand how Tibet is evolving and to discriminate between different proposed deformation models, seismic images of the entire Indo-Eurasian collision zone are required. In this study, we provide new, high-resolution fundamental mode Rayleigh wave group velocity maps for Indo-Eurasian collision zone.
In this paper, we focus on the seismic structure of the crust and uppermost mantle of the Indo-Eurasian collision zone. In Section 2, we discuss the data and analysis we carry out to investigate the shear wave structure of the Indo-Eurasian collision zone. By analysing regional earthquake seismograms and ambient noise from data recorded on recently deployed broad-band seismic instruments in this region we are able to improve significantly on the resolution of surface wave observations of the entire Indo-Eurasian collision zone. In Section 3, we show how Rayleigh wave group velocity varies across the region. In Section 4, we discuss how the Rayleigh wave group velocity data are used to interpret the crust and uppermost mantle structure of the Indo-Eurasian collision zone. We use these surface wave dispersion results to obtain maps of shear velocity structure for the crust and uppermost mantle throughout the region. These new images provide insight into the evolution of the Indo-Eurasian collision zone and allow us to address a fundamental question concerning the Himalayan-Tibetan orogen, namely, the variation in the internal structure and thickness of the crust across the Indo-Eurasian collision zone. In Section 5, we discuss possible causes of the mid-crustal low velocity layer.
DATA A N D A N A LY S I S
Data used to construct the fundamental mode Rayleigh wave group velocity maps come from permanent and temporary broad-band seismic stations deployed throughout central and southern Asia (Fig. 1) . In addition to new dispersion measurements made for this study, we include the dispersion measurements made by Acton et al. (2010) , Nunn et al. (2014a) , Gilligan et al. (2014) and Gilligan et al. (2015) which were all made in an identical manner. From the stations shown in Fig. 1 , seismograms from earthquakes M > 4.5 with adequate signal-to-noise and within 3000 km of the site were analysed to obtain path-average fundamental mode Rayleigh wave group velocity dispersion. To increase the number of short-period measurements and improve path density, we determined intrastation Green's functions from ambient noise cross-correlations. We used 767 stations from permanent and temporary networks in China, Kyrgyzstan, Tajikistan, India and Nepal. Not all of these networks were operational at the same time.
Group velocity dispersion curves for fundamental mode Rayleigh waves from earthquakes were obtained using Frequency Time Analysis (Dziewonski et al. 1969; Levshin et al. 1972 ) with phasematched filtering. For the ambient-noise analysis we follow the procedure outlined in Bensen et al. (2007) to obtain the crosscorrelations. We reject station pairs where the signal-to-noise ratio of the stacked cross-correlations is less than 15, leaving a total of 5698 stacked cross-correlations. We also include unpublished ambient noise measurements from the NGRI (National Geophysical Research Institute) Uttaranchal network and from published ambient noise measurements on the south Indian Shield (Borah et al. 2014) . The dispersion from the earthquake seismograms was determined manually; the dispersion from the ambient noise Green's functions was determined automatically (Levshin & Ritzwoller 2001) .
Fundamental mode Rayleigh wave group velocity dispersion curves were obtained for periods from 5 to 70 s for a total of 20 816 paths, although the number of paths at individual periods is smaller (Supporting Information Fig. SA1 ). Of these, 4424 are new dispersion curves from this study for earthquake data and 5698 are new measurements from ambient noise data. The remaining dispersion curves come from previously published studies (Acton et al. 2010; Nunn et al. 2014a; Gilligan et al. 2014 Gilligan et al. , 2015 . There is considerable redundancy in the dispersion data set and we use this redundancy to identify and remove outliers, and to estimate errors in the dispersion data.
To construct fundamental mode Rayleigh wave group velocity tomographic maps, a region including all sources and receivers is parametrized by a 2-D mesh consisting of nodes of triangular elements on a spherical surface. Throughout most of the region the node spacing is 1
• , but in regions with high path density and shorter periods-primarily the regions constrained with ambient noise data-we embed a finer grid with node spacing of 0.25
• for the 5 and 8 s tomographic inversions, and 0.5
• for the 10, 12, 15 and 18 s tomographic inversions. There is a gradual transition I I  IU  KN  KR  PK  SI  TJ  UT  X4  XE  XF  XO  XP  XR  Y2  YA YL ZV from the coarser 1 • grid to the finer grid to avoid edge effects. Tomographic inversions were performed at 14 periods between 5 and 70 s. Using the path-averaged Rayleigh wave group velocity dispersion measurements, the group slowness for a given period at each node is calculated as described by the straight-ray approach of Mitra et al. (2006) . Wave speeds within each triangular element are calculated using a three-point linear interpolation. Resolution is not constant over the whole of the Indo-Eurasian collision zone. Resolution tests (Supporting Information Fig. SA5 ) demonstrate that for 10-50 s periods features as small as 3
• are well resolved throughout the region; for 60 s and 70 s periods the resolution is ∼5
• . For periods of 5-30 s features as small as 2
• are resolved in Southern India and Tibet, and at 8 s it is also possible to resolve features as small as 1
• in southern India and some parts of Tibet.
VA R I AT I O N I N F U N DA M E N TA L M O D E R AY L E I G H WAV E G RO U P V E L O C I T Y A C RO S S T H E I N D O -E U R A S I A N C O L L I S I O N Z O N E
We obtain Rayleigh wave group velocity maps at 14 periods between 5 and 70 s. Fig. 2 shows tomographic group velocity maps for several representative periods. The short-period group velocities are sensitive to upper crustal structure and the short-period maps show areas of low velocity in regions of thick sediments (Laske et al. 1997) . One indication of the resolution we attain at these periods is indicated by our short-period dispersion maps resolving the two separate depositional centres in the Tarim Basin which are separated by the Bachu uplift (Desheng et al. 1996) . The Qiadam, Katawaz, Ganga and Afghan-Tajik Basins and the Indo-Burman fold belt all show low group wave speeds at short periods. The low group velocities associated with sediment fill in the Himalayan foreland basin are at their widest extent in north-central India and become narrower westwards till they merge with the region of low group velocities associated with the Katawaz Basin-the sediments of the palaeodelta of the Indus River. Low velocities associated with the Bengal Basin and the Bengal Fan extend to periods as long as 25 s, reflecting the particularly large sediment thickness in that area-reported to be greater than 20 km in thickness (Alam et al. 2003) . The pattern of low group velocities in the Bengal Basin and the Fan indicate that the sediment thickness of the Fan must progressively thin southwards, a feature also observed by Mitra et al. (2011) . The low group velocities in northeastern India persist to 30 s period in the region of the eastern Himalayan syntaxis and the Naga Fold and Thrust Belt reflecting the thick sediments and deeper Moho beneath the Naga Fold and Thrust Belt.
Cratonic areas in India show high group velocities at longer (>40 s) periods. The Indian Shield has the high group velocities reaching 3.8 km s −1 at 40 s period, and up to 4.2 km s −1 at 70 s period. The three cratonic cores of the Indian Shield-the Singbhum, Aravalli and Dharwar cratons-are also distinguishable as three separate regions of high velocity at short periods, partially due to thin sedimentary cover. Short-period group velocities for Tibet are slower than that for the Indian Shield, but higher than found in areas of thick sediment accumulation. The pattern of fast and slow anomalies for Tibet is on a shorter length scale (3
• -5
• ) than elsewhere, reflecting the heterogeneity of the upper crust. Group velocities that are lower than most of the rest of the region persist to long periods reflecting the thickened Tibetan crust. At 70 s there are still group velocities as low as 3 km s −1 in northeastern Tibet. At 60 and 70 s group velocities are faster beneath west Tibet than east Tibet.
Our tomographic inversion method does not invert for azimuthal anisotropy, however it is likely that the Tibetan crust is strongly anisotropic. A recent study by Agius & Lebedev (2017) , for example, finds that there is between 3% and 8% azimuthal anisotropy in the mid-crust beneath the Plateau. While the anisotropic component of velocity may trade-off with the heterogeneity in group velocity, synthetic tests (e.g. Pilidou et al. 2004; Debayle & Ricard 2013) demonstrate that this effect is likely to be small (∼2%) compared to the heterogeneity we observe in our group velocity maps. Further, vorinoi diagrams (Supporting Information Fig. SA3 ) show that our azimuthal data coverage is sufficient over the Indo-Eurasian collision zone to average out the azimuthal anisotropy.
S H E A R WAV E S P E E D S T RU C T U R E O F T H E I N D O -E U R A S I A N C O L L I S I O N Z O N E

Determining the crust and uppermost mantle structure
Fundamental mode Rayleigh wave group velocity dispersion curves were extracted from the group velocity maps at 1
• intervals for the Indo-Eurasian collision zone. The dispersion curves were then inverted for crust and uppermost mantle shear velocity using surf96 (Herrmann 2004 ). The starting model is parametrized by 2 km thick layers of V s = 4.48 km s −1 (the upper-mantle velocity of ak135; Kennett et al. 1995) and V p /V s =1.79 to a depth of 100 km and overlying the ak135 mantle. Since there is no a priori crustal information in the inversion starting model, the crustal structure in the inversion models is completely dictated by the data. Fundamental mode Rayleigh wave sensitivity kernels show (Supporting Information Fig. SA2 ), and forward modelling confirms (Supporting Information Fig. SA4 ), that the dispersion data have negligible sensitivity to shear wave structure below about 120 km, hence we do not interpret features below that depth. The 1-D models from the surface wave dispersion inversions were then combined to produce a 3-D shear wave model for the crust and uppermost mantle for the whole of the Indo-Eurasian collision zone.
Short-period surface waves are sensitive to the crustal wave speeds and to the depth of the Moho but, because of the wavelengths involved, they are not sensitive to sharp velocity changes like the Moho. Consequently, inversion of surface wave dispersion data produces a smoothed model of the structure. To better constrain the crustal structure, we have computed P-receiver functions at a number of sites. Seismograms from teleseismic earthquakes, 5.5 > M > 6.9, at distances 25
• to 90
• from the stations were used to calculate radial P-receiver functions using the method of Ligorría & Ammon (1999) .
Neither short-period surface waves nor receiver functions on their own provide unique constrains on crustal structure. Short-period surface waves constrain the absolute velocity of the crust but provide weak constraints on discontinuities. On the other hand, receiver function analysis provides constrains on discontinuities but there is a trade-off between the depth to an interface and the wave speed above the interface. Therefore, we jointly invert the receiver function and the surface wave dispersion data, providing a stronger constraint on the crustal model beneath selected sites.
We use the joint96 code of Herrmann (2004) with the same starting model as we use in the inversion of the surface wave dispersion data. The starting model is parametrized by 2 km thick layers of V s = 4.48 km s −1 and V p /V s =1.79 to a depth of 100 km and overlying an ak135 mantle, that is, there is no a priori Moho or other crustal structure in the inversion starting model. To further test the effect of the starting model on the inversion result, we preformed two further sets of inversions with the starting model parametrized in the same way as described above but with a V s = 4.28 km s −1 in one set of inversions and V s = 4.68 km s −1 in a second set of inversions. We use a weighting of receiver function to surface wave data of 80:20 for our final results but tested other weightings from 99:1 to 75:25. The main difference in the inversions when the weighting was varied was that the crust/upper-mantle model became smoother as the weight of the surface wave was increased. While the weighting between the two types of data is subjective, this relative weighting we choose ensures we maximize the receiver function data in the joint inversion, while still resulting in a good fit to the surface wave data. We define the Moho depth as the base of the steepest positive velocity gradient where V s > 4 km s −1 , and use the crustal models obtained from the joint inversion (Fig. 5) as a guide to identifying the Moho in the inversions of just surface wave data. The Moho beneath most of the India Shield, as seen in the surface wave models, is a relatively sharp transition at a depth of 30-40 km (Figs 4a and b) . In the far south, the crust of the South Indian Shield is as thick as 40-50 km. Our surface wave observations are consistent with the Moho depth observed in receiver functions (e.g. Gupta et al. 2003; Rai et al. 2003; Borah et al. 2014) . Crustal shear wave models from the joint inversion of receiver function and surface wave data at six representative sites on the India Shield are shown in Fig. 5 . The 44 km thick crust beneath KOD located on the Pan-Africa age Southern Granulites terrane in the far south has an average V s of 3.88 km s −1 . The crust beneath GDP located on the mid-Archaean west Dharwar craton is 44 km thick with an average V s of 3.80 km s −1 . The internal structure of the crust of both the Southern Granulite terrane beneath KOD and the west Dharwar craton beneath GDP is more complex than that of the late-Archaean east Dharwar craton, as shown by the crustal structure beneath the sites at GBA, HYB, WRD and ALB. Beneath the eastern Dharwar craton the Moho is at 32-38 km depth and the average crustal V s is 3.65-3.70 km s −1 . The crustal Airy phase of the fundamental mode group velocity is at 20 ± 5 s for the east Dharwar craton. the crust beneath ALM in the central Himalayas is 53 km thick and the average V s of the crust is 3.67 km s −1 . Fig. 6 shows the group velocity dispersion curve, receiver function and crustal shear wave structure for 10 representative sites across the Tibetan Plateau. The Moho beneath Tibet is variable in depth and sharpness and the average crustal V s is significantly slower (3.25-3.45 km s −1 ) than beneath the Himalayas and southern India. As Chun & Yoshii (1977) first observed, the fundamental mode Rayleigh wave crustal Airy phase has a minimum at ∼35 s, a significantly longer period than that observed for most regions of the continents. In western Tibet, the depth of the Moho defined from receiver function studies (Wittlinger et al. 2004; Rai et al. 2006; Zhang et al. 2014; Gilligan et al. 2015) agrees well with the depth of the steepest gradient in increasing shear velocity in our surface-wavederived model (Fig. 4) . The velocity change at the Moho is from ∼3.8 km s −1 to 4.5 km s −1 similar to that beneath the Indian Shield (cross-section A-A', Fig. 4) suggesting that the Indian lithosphere underthrusts the western Plateau possibly as far as the Altyn Tagh Fault (e.g. Wittlinger et al. 2004; Rai et al. 2006; Gilligan et al. 2015) . Beneath western ( Fig. 6 ; WT17) and southern Tibet ( Fig. 6 ; H1120 and ST01) the crust is as much as 90 km thick and the Moho is a relatively sharp wave speed transition. The crustal V s in western and southern Tibet is 3.35-3.45 km s −1 . A similar correspondence between previously reported Moho depths and the steepest gradient of increasing shear velocity occurs in southeast Tibet, although the gradient is not as steep, and the uppermost mantle velocity is slightly lower ∼4.4 km s −1 . This is consistent with the interpretation made in previous receiver function studies (e.g. Mitra et al. 2005; Nábělek et al. 2009 ) that Indian lithosphere is present at least as far north as the Bangong-Nujiang Suture. In north-central Tibet ( Fig. 6; H1630 and ST40 ), the Moho transition has a similar character to that below western and southern Tibet but the crust is only 60-65 km thick and the crustal V s is 3.25-3.35 km s −1 . North of 32
Lateral variations in crustal-mantle boundary
• in eastern Tibet, the velocities at receiver function defined Moho depths ( Fig. 6 ; C08 and D04) are significantly lower (∼3.8 km s −1 ) and the gradient of increasing shear velocity is very gradual (cross-section B-B', Fig. 4) . The difference in Moho properties between northeastern and southeastern Tibet suggests that if Indian lithosphere is present, it must have either been heavily modified, be hot or have originally been of a very different composition to explain the low velocities.
Lateral variations in the mid-crustal low velocity layer
We examine the shear velocity models obtained from the inversion of surface waves at each 1
• point throughout India and Tibet between 10 and 50 km depth for the presence and character of a mid-crustal low velocity layer. We define the top of the low velocity layer as the depth at which velocities start to decrease, the middle as the depth when the velocities start to increase again, and the bottom as the depth when the velocities have returned to what they were at the top of the low velocity layer. The low velocity layer is confined to Tibet and the Pamirs, and the character of the low velocity layer, including properties such as the magnitude of the decrease and thickness of the layer, shows a spatial variation (Fig.7) . Within the crust of the Lhasa, Qiangtang, Songpan-Ghanze Terranes and beneath the Pamirs the minimum velocities are all less than 3.4 km s −1 . The slowest velocities (∼3 km s −1 ) are found Figure 6 . Results from the joint inversion of receiver functions and fundamental mode Rayleigh wave group velocity for representative sites on the Tibetan Plateau. Format of this figure is the same as that of Fig. 5 except that each panel has results for three crustal models-the model resulting from the joint receiver function-surface wave inversion (red solid lines), synthetic receiver function and dispersion curves for a simplified model without the low velocity layer (blue solid curves), and a joint receiver function-surface wave inversion using the blue velocity structure as the starting inversion model (green solid curves).
in central Tibet close to the Bangong-Nijang Suture, and in the Songpan-Ghanze Terrane in eastern Tibet (Fig. 7) . The percentage decrease in velocity (V start − V min /V start ) shows a different spatial pattern to the absolute velocities: the largest decrease in velocities (>8%) are found in the Songpan-Ghanze Terrane in east Tibet, within the Qiangtang Terrane in central Tibet and beneath the Pamir Mountains. There is a positive correlation between the decrease in velocity and the thickness of the low velocity layer. We find no correlation between the variation in the properties of the low velocity layer and elevation. We also find no correlation between crustal thickness estimates and the properties of the low velocity layer. Although there are significant differences in the velocities of the uppermost mantle across Tibet, which exceed 4.5 km s −1 in west Tibet but are much slower in northeast Tibet, we find no correlation between the velocities at 100 km depth with the properties of the low velocity layer.
There is no such low velocity layer in the Indian crust. Beneath most of India V s is significantly faster-3.8-4.0 km s −1 in the lower crust (25-40 km depth) and >4.4 km s −1 below the Moho and exceeding 4.6 km s −1 at 70 km depth.
Lateral variations in uppermost mantle shear wave speed
At depths exceeding 80 km, west Tibet is faster (4.3-4.6 km s −1 ) than east Tibet (3.8-4.1 km s −1 ) and at 110 km depth, the region west of 84
• E has a similar velocity (4.6 km s −1 ) to the region below India and the Tarim Basin. In the southeast of Tibet, velocities are >4.4 km s −1 for ∼300 km north of the Himalayas but slower immediately north of this. The slowest velocities are centred around 35
• N, 89
• E. The fast shear velocities observed in the uppermost mantle of west Tibet agree with previous seismic studies (e.g. Brandon & Romanowicz 1986; Molnar 1990; Dricker & Roecker 2002 ) that suggest that the upper mantle of west Tibet is faster than that of east Tibet. We have an improved resolution over a wider area than previous studies and can confirm that fast material is present across the entire width of the Plateau in western Tibet. Given the interpretation (Gilligan et al. 2015) that Indian crust is present beneath the entirety of west Tibet, it is likely that the fast uppermost mantle material that we observe extending across the entire western part of the Plateau is Indian mantle lithosphere. Furthermore, the uppermost mantle shear velocities we observe beneath western Tibet are similar (∼4.5-4.6 km s −1 ) to those beneath areas of the Indian Shield, providing further evidence that cratonic Indian material is likely to be present beneath west Tibet. This interpretation agrees with that made by Priestley et al. ( , 2008 and Agius & Lebedev (2013) from shear velocity models derived from long-period surface wave measurements.
Uppermost mantle velocities beneath the central and eastern Himalayas and southern part of the Lhasa Terrane are relatively fast (∼4.4-4.5 km s −1 ), although not as fast as those observed beneath west Tibet. North of 30
• -31
• uppermost mantle velocities are much lower: in some areas velocities exceeding 4 km s −1 are only reached at a depth of 120 km. These observations may imply either that Indian lithospheric mantle material is only present beneath eastern Tibet south of the BNG or that it has been heavily modified since collision in the north. suggest that radioactive heating could have warmed up the uppermost mantle lithosphere below thickened Tibetan crust. The very low velocities we observe in the uppermost mantle would require an unfeasibly long time period (greater than the time since the collision between India and Eurasia) for velocities as low as we observe to be present. While radiogenic heating may play a role in the low velocities we observe, it may be that Indian lithosphere beneath the northeast part of the Plateau has partially delaminated.
P O S S I B L E C AU S E O F T H E L O W V E L O C I T Y L AY E R
The low velocity layer we image (Fig. 7) throughout the mid-crust in most of Tibet has also been observed in a number of previous studies (e.g. Cotte et al. 1999; Rapine et al. 2003; Caldwell et al. 2009; Guo et al. 2009; Li et al. 2009; Yang et al. 2012; Agius & Lebedev 2014; Jiang et al. 2014; Li et al. 2014; Sun et al. 2014; Bao et al. 2015; Deng et al. 2015; Gilligan et al. 2015) . Our results have high resolution across the entire Tibetan Plateau and the Pamirs, whereas many previous studies have mainly focused on more restricted geographical regions. In particular, we have very good resolution in west Tibet, an area that has been less well resolved in previous studies (e.g. Yang et al. 2012) . This means we are better able to examine the variations in the properties of the low velocity layer (e.g. depth, thickness, velocity decrease) across the entire region and thus potentially help to constrain what is leading to the decrease in velocity seen across the Plateau.
Various explanations have been put forward as to the cause of the mid-crustal low velocity zone including the presence of partial melt (Caldwell et al. 2009; Hacker et al. 2014; Jiang et al. 2014) , aqueous fluids (Caldwell et al. 2009 ), anisotropy from the alignment of micas in the crust (Yang et al. 2012; Hacker et al. 2014) or some combination of these mechanisms (Agius & Lebedev 2014) . These explanations imply that the mid-crust is mechanically weak (Klemperer 2006) , providing support for the idea that deformation in Tibet occurs due to crustal flow (e.g. Jamieson et al. 2004) . Yang et al. (2012) examine the differences in the velocity decrease across the Plateau, however their results have some notable differences to ours. While they see the largest decreases in velocity the regions around the edge of the Plateau, this is not the case in our study. In part this is likely because they define their percentage decrease based on the velocity at 30 km and the maximum velocity at 0-20 km. These depths do not necessarily correspond to the depths of the minimum and maximum velocities in the low velocity layer, and so they may be minimizing the anomaly in some locations. Even when we use their approach, we do not obtain the same distribution of velocity decreases. Although they also have generally good coverage throughout Tibet, the resolution in our models is superior in the west of Tibet. Broadly, our result show some agreement with the results of Agius & Lebedev (2014) , who also observe low shear velocities in the mid crust everywhere they sample in Plateau. They observe the lowest velocities in the Tibetan mid-crust in central-west Tibet and in northeast Tibet, the regions we also find the lowest velocities. Further, the lowest velocities they report in these regions are similar to those we obtain. There is some difference between their results and ours in central Tibet, where the lowest velocity anomalies they observe are higher than those we observe in this region. Agius & Lebedev (2014) combine the results obtained from path-average phase velocity curves for nine individual regions in Tibet. While they observe consistency within these regions, our results suggest that there may be more intraregion variability than they show, which could account for some of the differences between our results, particularly in central Tibet.
Partial melt and/or the presence of aqueous fluids in the midcrust have been the favoured explanation of the low velocity zone observed in many previous studies (e.g. Caldwell et al. 2009; Hacker et al. 2014; Jiang et al. 2014) . Velocities less than 3.4 km s −1 , such as those observed throughout the Tibetan Plateau would be in agreement with the presence of melt from rocks of composition and temperatures that are plausible for Tibet (Hacker et al. 2014) . Further, this explanation also agrees with magnetotelluric studies in southeast Tibet (Unsworth et al. 2004) and in the Pamirs (Sass et al. 2014 ) that observe a conductive layer in the mid-crust, which would be consistent with the presence of melt and/or fluids. A key problem with the idea of melt being the main cause of the low velocities observed across the Plateau is the lack of recent volcanism (e.g. Chung et al. 2005) across the Tibetan Plateau. Hacker et al. (2014) suggest that this could be explained by either earlier melting events already depleting the crust, meaning that only small amounts of melt are produced by present heating, or by the melts that are produced not reaching the surface because they are highly viscous or are produced in small batches that freeze without erupting.
Temperatures in the middle of the Tibetan crust are thought to be around 800-1100
• C, (Hacker et al. 2000 (Hacker et al. , 2014 . Agius & Lebedev (2014) argue that temperatures of ∼ 800
• C are sufficient to account for the low shear velocities they observe in central Tibet. Although the exact composition and fluid content in the mid to lower crust of Tibet are poorly known, dry rocks would be expected to start to melt at 900
• C (Litvinovsky et al. 2000; Hacker et al. 2014) , while the presence of water would lower the solidus temperature. Elevated temperatures have been explained through heating of the crust by asthenospheric material after the delamination or thinning of the lithosphere beneath Tibet (e.g. Owens & Zandt 1997; Chung et al. 2005) . The challenge for this model, in the context of our results, is that in west Tibet there appears to be fast, presumably cold, lithospheric material across the whole of the Plateau, yet some of the largest decreases in velocity are found in this region. Chung et al. (2005) suggest that underthrusting of Indian lithospheric material in southern Tibet may be why there is no lithospheric induced magmatism younger than ∼13-10 Ma in this part of the Plateau.
An alternative source of heat could be from radioactivity in thickened crust (Jamieson et al. 1998; . Indeed, the low velocities could simply be due to elevated temperatures (Christensen 1979) as such heating could be expected to result in a shear velocity decrease of the magnitude we observe. This model does not require melt to be present, although does not preclude it. The degree of heating will depend on the amount of thickening and the length of time the crust has been thick, however temporal evolution of the Tibetan Plateau is, at present, poorly constrained. Better understanding of when, as well as how, the crust in Tibet thickened would help to place limits on the how much of a velocity decrease could be expected from radiogenic heating.
Another proposal is that the magnitude of velocity decrease observed could largely be achieved due to radial anisotropy in the mid-crust (Shapiro et al. 2004; Yang et al. 2012; Xie et al. 2017) . Anisotropy would likely arise due to the alignment of metamorphic minerals such as mica and amphibole that are present in the mid-crust. Variability in the degree of anisotropy may be a function of strain and whether anisotropic minerals are present in the first place (Yang et al. 2012) . Estimates of radial anisotropy from Love and Rayleigh waves by Shapiro et al. (2004) suggest that the anisotropy is greatest in central-west Tibet in the Qiangtang terrane and southeast-south-central Tibet. The region of strong anisotropy in the Qiangtang Terrane coincides with one of the areas in which we observe the largest decrease in shear velocity, indicating that anisotropy is likely to be responsible for at least some of the velocity decrease observed in this regions. Although Shapiro et al. (2004) and Agius & Lebedev (2014) favour crustal thinning as the mechanism for aligning micas based on earthquake observations, they do also suggest that underthrusting of the Indian crust beneath Tibet will result in strong shearing and align mica crystals. The fast uppermost mantle velocities we find in western Tibet suggest that Indian material is likely present across the whole plateau, and thus underthrusting may have contributed to alignment of mica in this region.
To test this further we use the Love wave group velocity tomography of Acton et al. (2010) to investigate the difference between horizontal and vertically polarized shear velocities. This tomography is performed in the same way as the Rayleigh wave tomography we present here, although uses fewer paths and has a period of range of 10-70 s rather than 5--70 s. We use surf96 to calculate V sh values from Love wave group velocity pseudo-dispersion curves at the same points that we use in this study. At each of these points we calculate ξ = (V sh /V sv ) 2 . These results (Fig. 8) show that the mid-crust (∼20-50 km) beneath the Tibetan Plateau and the Pamirs exhibits strong radial anisotropy withV sh > V sv throughout the region.
The strongest radial anisotropy (∼20-25%, values of ξ of 1.45-1.6) is observed in the areas where the lowest velocities in the low velocity layer are also observed. Like Agius & Lebedev (2014) , we find the strongest anisotropy in west Tibet, although the anisotropy is found to be stronger in our study, and we observe relatively strong anisotropy in northeast Tibet, while this is where anisotropy is low or absent in their study. In eastern Tibet, where our study area coincides with that of Xie et al. (2013) , we observe a broadly similar pattern in the depth and lateral extent of the anisotropy, in particular the decrease in anisotropy at the northern edge of the Tibetan Plateau. The magnitude of anisotropy we observe is larger than that calculated by Xie et al. (2013) . Forward modelling suggests that our method may overestimate the magnitude of ξ , but the presence and depth of anisotropy are robust. This evidence strongly supports radial anisotropy as a major cause of the low velocity layer observed in Tibet. It is probable that the low velocity layer observed is a result of temperature, melt, fluids and anisotropy in varying degrees in different parts of the Tibetan Plateau and the Pamirs, thus accounting for the variability in the properties of the layer. Fully understanding this variability will require the further detailed mapping of crustal radial anisotropy using more recently acquired seismic data, as well as better estimates of heat flow and age of crustal thickening across the region. Irrespective of the exact cause, the mechanisms that have produced this ubiquitous low velocity layer throughout Tibet would be in agreement with the presence of a weaker layer in the mid-crust. Such a layer is an important component in models that argue that deformation is occurring due to flow in the mid-crust (e.g. Jamieson et al. 2004) , and thus our results are supportive of such models.
C O N C L U S I O N S
The extremely dense path coverage afforded by the fundamental mode Rayleigh wave dispersion measurements used in this study has allowed for high-resolution group velocity maps of Tibet and India to be produced. These maps are able to resolve smaller scale features more faithfully than previous studies due to a denser and more uniform path coverage. They are consistent with known geological features, such as sedimentary basins and cratons.
The velocity change at the Moho, together with the elevated shear velocities in the upper mantle observed across all of west Tibet, shows that Indian lithosphere is likely present beneath all of west Tibet. This may not be the case for much of eastern Tibet.
We observe a velocity decrease in the mid-crust between depths of ∼20 and 40 km across all of the Tibetan Plateau north of the IndusZangbo Suture. In this layer, shear velocities are observed to decease to less than 3.4 km s −1 everywhere. The thickness of this layer, the lowest velocity in the layer and the degree of velocity reduction vary across the region, indicating that the causes of the low velocities may themselves be variable. The layer is thickest and has the largest decrease in velocity relative to layers above in the Qiangtang terrane in west-central Tibet and in the Songpan-Ghanze terrane in northeast Tibet. Melt, fluids, elevated temperatures and radial anisotropy are all reasonable candidates to producing a velocity decrease of the magnitude we observe. Temperatures may increase due to radiogenic heating due to crustal thickening (Jamieson et al. 1998; or due to heating from asthenospheric material beneath a thinned lithosphere (e.g. Owens & Zandt 1997; Chung et al. 2005) . Given the observation of fast shear velocities in the uppermost mantle beneath west Tibet it seems unlikely that the low velocities in this area are a product of asthenospheric heating. The correspondence between areas of high radial anisotropy and large velocity decreases in this region indicate that anisotropy may play a much more important role in the development of the low velocity layer in this region. Irrespective of the exact cause, the presence of a ubiquitous low velocity layer throughout Tibet supports the idea that deformation is likely occurring due to flow in the mid-crust (e.g. Jamieson et al. 2004) .
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